Mendelian susceptibility to mycobacterial disease (MSMD) is characterized by clinical disease caused by weakly virulent mycobacteria, such as environmental mycobacteria and Bacillus Calmette-Guérin vaccines, in otherwise healthy individuals. All known genetic etiologies disrupt interferon (IFN)-γ immunity. Germline bi-allelic mutations of IFNGR2 can underlie partial or complete forms of IFN-γ receptor 2 (IFN-γR2) deficiency. Patients with partial IFN-γR2 deficiency express a dysfunctional molecule on the cell surface. We studied three patients with MSMD from two unrelated kindreds from Turkey (P1, P2) and India (P3), by whole-exome sequencing. P1 and P2 are homozygous for a mutation of the initiation codon 3920 Human Molecular Genetics, 2018, Vol. 27, No. 22 (c.1A>G) of IFNGR2, whereas P3 is homozygous for a mutation of the second codon (c.4delC). Overexpressed mutant alleles produce small amounts of full-length IFN-γR2 resulting in an impaired, but not abolished, response to IFN-γ. Moreover, SV40-fibroblasts of P1 and P2 responded weakly to IFN-γ, and Epstein Barr virus-transformed B cells had a barely detectable response to IFN-γ. Studies in patients' primary T cells and monocyte-derived macrophages yielded similar results. The residual expression of IFN-γR2 protein of normal molecular weight and function is due to the initiation of translation between the second and ninth non-AUG codons. We thus describe mutations of the first and second codons of IFNGR2, which define a new form of partial recessive IFN-γR2 deficiency. Residual levels of IFN-γ signaling were very low, accounting for the more severe clinical phenotype of these patients with residual expression levels of normally functional surface receptors than of patients with partial recessive IFN-γR2 deficiency due to surface-expressed dysfunctional receptors, whose residual levels of IFN-γ signaling were higher.
Introduction
Mendelian susceptibility to mycobacterial disease (MSMD) is a primary immunodeficiency predisposing otherwise healthy individuals to severe clinical manifestations upon infection with weakly virulent mycobacteria, such as Bacillus Calmette-Guérin (BCG) vaccines and environmental mycobacteria (EM) (1, 2) . Clinical onset is generally in childhood, with a wide spectrum of clinical symptoms and signs, ranging from localized to disseminated disease, with or without recurrences, caused by one or more mycobacterial species. These patients are also vulnerable to the more virulent Mycobacterium tuberculosis, and about half of them also suffer from non-typhoidal or, more rarely, typhoidal Salmonella extra-intestinal infections (1, 2) . Other infections, mostly due to intra-macrophagic microorganisms, have been reported, although typically in individual patients (2, 3) . The first genetic etiology of MSMD was described in 1996, involving mutations of the ligand-binding chain of the interferon-γ receptor (IFN-γR1) (4, 5) . To date, the genetic dissection of MSMD has revealed germline mutations in nine autosomal genes [IFNGR1,
IFNGR2, STAT1, interleukin (IL) 12B, IL12RB1, IRF8, ISG15, TYK2
and SPPL2A] and two X-linked genes (NEMO and CYBB), the products of which control the induction of (IL12B, IL12RB1, IRF8, ISG15, TYK2 and NEMO) and/or response to IFN-γ (IFNGR1, IFNGR2, STAT1, IRF8, CYBB and SPPL2A) (2, 6, 7) . Allelic heterogeneity at several of these loci results in up to 20 different etiologies, depending on the mode of inheritance (dominant or recessive), the severity of the protein defect (complete or partial), the expression of the protein underlying a complete defect (abolished or maintained) and the mechanism of protein loss-of-function (LOF) (depending on the domain disrupted).
IFN-γR2 deficiency has been reported in 24 patients and has probably been diagnosed in many more (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Autosomal recessive (AR) complete IFN-γR2 deficiency is characterized by a complete loss of function of the protein, and the following two forms have been described: with and without cell surface expression of the receptor (20, 21) . In 10 patients from seven kindreds and seven countries, a premature stop codon was found to result in a lack of receptor expression at the cell surface (9, 10, (13) (14) (15) (16) (17) 19, 20) . Seven other patients from six kindreds and five countries have a non-functional IFN-γR2 protein molecule expressed on their cells (11, (19) (20) (21) (22) . In three of these patients, from two kindreds and two countries, a missense mutation (p.T168N) has been shown to create a new N-glycosylation site, which abolishes the cellular response to IFN-γ, despite the expression of IFN-γR2 at the cell surface (21) (22) (23) . In another patient, the mutation (c.382-387dup) does not cause a gain of glycosylation but instead results in misfolded proteins that can also, surprisingly, be rescued with inhibitors of glycosylation (20) . Finally, it has been suggested that cells from a patient with a frameshift mutation display residual IFN-γR2 expression, although antibody (Ab) specificity was not demonstrated (11) . AR complete IFN-γR2 deficiency is the most severe form of IFN-γR2 deficiency, characterized by high levels of IFN-γ in plasma (15) and an abolished response to IFN-γ in all cell types (2) . The most commonly encountered microbial pathogens include BCG, Mycobacterium abscessus, Mycobacterium avium, Mycobacterium fortuitum, Mycobacterium porcinum and Mycobacterium simiae. The disease manifests in early childhood, with severe infections invariably occurring before the age of five years, and involving the development of poorly defined multibacillary granulomas. AR complete IFN-γR2 deficiency thus has a very poor prognosis, with hematopoietic stem cell transplantation (HSCT) as the only known curative treatment, although gene therapy is a potentially attractive option for the future (2, 24) .
Partial, as opposed to complete, IFN-γR2 deficiency can present in two forms. AR partial IFN-γR2 deficiency has been reported in six patients from six kindreds and four countries homozygous for the p.R114C (8) , p.G227R (13) , p.S124F, p.G141R (16) or c.958insT (15) mutation, all of which underlie modest but detectable IFN-γR2 expression and function. Indeed, these patients display similar levels of impairment of cellular responses to IFN-γ, but not a total abolition of these responses. All these mutations are hypomorphic, as opposed to LOF. Four of these mutant alleles (p.R114C, p.G227R, p.S124F and p.G141R) have been shown to encode misfolded proteins that are mostly retained in the endoplasmic reticulum (16) . Cellular responses to IFN-γ can be rescued by treating the patients' cells with glycosylation inhibitors (16) . The partial form of AR IFN-γR2 deficiency is clinically milder than the complete form, with relatively mild infections, albeit with an early onset, before the age of 8 months in the small sample of known patients (16) . Plasma IFN-γ levels are high, but the clinical outcome is relatively good, given that six patients with AR complete IFN-γR2 deficiency have died (14, 15, (19) (20) (21) , versus only two patients with AR partial IFN-γR2 deficiency (13, 15) . Furthermore, six patients with AR complete IFN-γR2 deficiency have undergone HSCT (10) (11) (12) 14, 17) , versus only one patient with AR partial IFN-γR2 deficiency (15) . Antibiotics may be sufficient to prevent and treat infections and the response to recombinant IFN-γ is good (2) . Autosomal dominant (AD) partial IFN-γR2 deficiency by haploinsufficiency has been reported in only one MSMD patient with a mild form of localized BCG disease (14) . This patient carried a heterozygous frame-shift IFNGR2 mutation. IFN-γR2 levels were lower than in healthy individuals and the patient's cells displayed mildly impaired responses to . This defect has low clinical penetrance, as only one of the 18 heterozygous relatives tested had MSMD (14) . Another heterozygous IFNGR2 mutation identified in a healthy subject was shown to be dominant-negative at the cellular level (17) . In this context, we studied three new patients with MSMD from India and Turkey, with molecular defects defining a novel form of AR partial IFN-γR2 deficiency.
Results

Identification of IFN-γR2 deficiency
We investigated three MSMD patients from two unrelated kindreds (Figs. 1A and S1 ). P1 and P2 were born to consanguineous parents in Turkey and P3 was born to consanguineous parents in India. Whole-exome sequencing (WES) was carried out on the patients' genomic DNA (gDNA). We searched for rare variants (Minor Allele Frequency < 0.01) of known MSMD-causing genes. In kindred A (P1 and P2), we found a homozygous nucleotide substitution at position c.1A>G of IFNGR2 (Fig. 1B) , leading to the replacement of the first methionine (M1)-encoding codon with a valine-encoding codon (Fig. 1C) . In kindred B (P3), we identified a homozygous nucleotide deletion, c.4delC (Fig. 1B) , predicted in silico to create a premature stop codon 22 amino acids after the M1 (Fig. 1C) . We mined public databases (Genome Aggregation Database (GnomAD), Exome Aggregation Consortium (ExAC) and BRAVO) and found that the c.1A>G mutation was reported in the heterozygous state in one European individual in GnomAD (of 14 324 individuals, 7150 of whom were European), whereas the c.4delC mutation was not reported in any of these databases. Both the M1 residue (c.1ATG) and the arginine that follows it (R2, c.4CGA) are highly conserved in the species in which IFNGR2 has been sequenced (Fig. S2A) . These mutations had a high combined annotation-dependent depletion score (25) , higher than the mutation significance cutoff for IFNGR2 (26) (Fig. S2B ). All mutations were confirmed by Sanger sequencing. The parents of kindreds A and B were heterozygous for the corresponding mutation (Fig. S2C ). No DNA sample was available from the siblings of P3. These mutations therefore probably underlie AR MSMD by causing complete or partial IFN-γR2 deficiency.
Impaired production of IFN-γR2 protein
We first characterized the c.1A>G and c.4delC alleles in vitro by overexpressing the corresponding cDNAs in HEK293-T cells or IFN-γR2-deficient primary human fibroblasts immortalized with SV-40 T antigen [SV40-fibroblasts (SV40F)] (9) (homozygous for the c.278delAG mutation). We transiently transfected cells with wild-type (WT), c.1A>G and c.4delC IFNGR2 cDNAs, or with an empty plasmid (EV), and analyzed the corresponding products by western blotting. IFNGR2 c.278delAG, which has been reported to be a loss-of-expression and LOF mutation, was included as a negative control (9) . As expected, the WT-IFNGR2 plasmid encoded a single full-length 70 kDa protein, and no protein was detected for the negative control and the EV (Fig. 2A) . Interestingly, both the c.1A>G and c.4delC mutations resulted in the production of a single full-length 70 kDa protein, albeit in smaller amounts than the WT (Fig. 2A) . IFN-γR2 is a type I transmembrane protein, and its glycosylation is an important post-translational modification (27) . Glycosylation ensures that the protein is correctly folded and binds correctly to its ligands. It results in a range of molecular weights (MWs) for this and other membrane proteins (22) . The lysates from cells transiently transfected with the WT, c.1A>G, c.4delC and c.278delAG constructs were treated with peptide N-glycosidase-F (PNGase-F) to remove N-glycans (28) . The same patterns of expression were obtained, with c.1A>G and c.4delC producing products of similar MW (approximately 45 kDa) but in smaller amounts than the WT (Fig. S3) . Similar results were obtained with HEK293-T cells and IFN-γR2-deficient SV40F (data not shown). These findings suggest that even though one of these mutations affects the M1 and the other creates an upstream frameshift, the encoded messenger Ribonucleic acids (mRNAs) seem to be correctly translated, resulting in the production of an apparently full-length protein. These findings also confirm that the two mutations are pathogenic, resulting in complete or partial AR IFN-γR2 deficiency in the patients.
Defective IFN-γ response in IFNGR2 mutants
We then assessed the functional consequences of c.1A>G and c.4delC mutations. We transiently transfected IFN-γR2-deficient SV40F with EV, WT, c.1A>G, c.4delC and c.278delAG. We then stimulated these cells with IFN-γ (10 5 IU/ml) for 20 min. Nuclear proteins were extracted and gamma-activated factor (GAF)-DNA binding activity was assessed in an electrophoretic mobility shift assay (EMSA) with a gamma-activating sequence (GAS) probe. As expected, binding activity was strong in cells transfected with the WT-IFNGR2 plasmid but absent in cells transfected with EV or the negative control (Fig. 2B ). Cells transfected with c.1A>G or c.4delC cDNA had impaired, but not abolished, responses to IFN-γ (Fig. 2B ). These findings are consistent with the levels of the corresponding proteins, demonstrating that both the c.1A>G and c.4delC IFNGR2 mutations impair, but do not abolish, the production and function of IFN-γR2 proteins. For comparison of the observed activity with that in previously reported forms of partial AR deficiency, we tested the five corresponding hypomorphic mutations (p.G227R, p.G141R, p.S124F, p.R114C and c.958insT) (8, 13, 15, 16) . After stimulation, the mean level of binding followed a gradient WT > p.G227R > c.1A>G > p.G141R> c.958insT> p.S124F> p.R114C> c.4delC> c.278delAG (Fig. S4) . Overexpressed c.1A>G showed one of the strongest bindings and c.4delC showed the lowest binding, whereas p.G227R and c.1A>G were the least deleterious on overexpression of all the alleles tested. We then transfected SV40F from P1 (cells from P3 were not available) with WT IFNGR2 and evaluated their response to IFN-γ by EMSA. GAF-binding activity was restored in the transfected cells, reaching higher levels to those observed in when compared with EV-transfected and untransfected cells (NT) (Fig. 2C) . These results strongly suggest that the c.1A>G mutation of IFNGR2 is responsible for the poor response to IFN-γ observed in the overexpression system. Collectively, these data indicate that the patients from the two kindreds had a severe form of AR partial IFN-γR2 deficiency.
Impaired STAT1 phosphorylation following the stimulation with IFN-γ of SV40F from P1 and P2
A mutation of the first ATG of IFNGR1 leading to the replacement of the M1 by a lysine residue (p.M1K) has already been described in a patient with MSMD (29) . In Epstein-Barr virus-transformed B (EBV-B) cells homozygous for this IFNGR1 mutation, the response to IFN-γ is impaired but not abolished. By contrast, this response is completely abolished in SV40F homozygous for this mutation. We compared the early responses to IFN-γ and IFN-α (as a control for stimulation) of SV40F from a healthy control, P1, P2 (cells from P3 being unavailable), a patient with AR complete IFN-γR2 deficiency (homozygous for the c.278delAG mutation, hereafter referred to as the negative control), a patient with AR complete IFN-γR1 deficiency (compound heterozygous for the c.104_107dupTTAC and c.200+1G>A mutations), three patients with AR partial IFN-γR2 deficiency (8, 16 ) (corresponding to p.S124F, p.G141R and p.R114C) and the patient with AR partial IFN-γR1 deficiency due to the p.M1K mutation (hereafter referred to as M1K) (Figs. 3A and S5). We performed western blotting to assess the ability of these cells to phosphorylate the tyrosine 701 residue of STAT1 (p-Y701-STAT1) after stimulation with IFNs. The healthy control produced phosphorytlation of STAT1 (p-STAT1) upon on stimulation with IFN-γ, whereas the negative control, the cells with AR complete IFN-γR1 deficiency and cells from the M1K-IFN-γR1 patient displayed no response (Fig. 3A) . Cells from the three patients with AR partial IFN-γR2 deficiency had impaired, but not abolished, responses to IFN-γ. P1 and P2 displayed equally strong decreases in response to IFN-γ (Figs. 3A and S5), but their responses were not abolished, just weaker than those of the other three patients with AR partial deficiency (Fig. 3A) . However, the response was detectable, unlike that in cells from the patient with a mutation of the initiation codon of IFNGR1. Phosphorylation of STAT1 after IFN-α stimulation was found to be similar in all cell lines (Figs. 3A and S5). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels were also similar across cell lines, demonstrating that the differences in STAT1 phosphorylation were not caused by differences in protein loading. The IFN-γ signaling pathway was impaired, but not abolished in the SV40F of P1 and P2, whereas M1K-IFN-γR1 SV40F displayed a complete abolition of IFN-γ signaling in terms of STAT1 phosphorylation.
Impaired DNA binding upon the stimulation with IFN-γ of SV40F from P1 and P2
We next studied the ability of IFN-γ to stimulate the formation of GAS-binding nuclear complexes by EMSA. We performed the same activation as for the western blot, in SV40F. The healthy control displayed binding activity after stimulation with IFN-γ, whereas no binding was observed for the negative control ( Fig. 3B ). P1 and P2 displayed equally strongly diminished, but concentrations did, albeit to a lesser extent than in control cells (Fig. 3C) . The results obtained for these patients with AR partial IFN-γR2 deficiency are consistent with previous reports (16) . Cells from P1 and P2 displayed a slight increase in HLA-DR expression in the presence of low concentrations of IFN-γ, greater than that observed for the other three patients with AR partial IFN-γR2 deficiency tested, and a stronger increase in response to higher concentrations, much smaller than that for the healthy control but similar to that for the G141R patient and greater than that for the S124F and R114C patients (Fig. 3C) . Thus, both early and late events in the IFN-γ signaling pathway are impaired but not abolished in the SV40F of P1 and P2, whereas M1K-IFN-γR1 SV40F display a complete abolition of IFN-γ signaling.
Impaired STAT1 phosphorylation upon IFN-γ stimulation in Epstein Barr virus-transformed B cells from P1, as shown by western blotting
We then characterized Epstein Barr virus-transformed B (EBV-B) cells from P1 (no EBV-B cells were available for P2 and P3). We analyzed the early response to IFN-γ and IFN-α of cells from a healthy control, P1, the patient with AR complete IFN-γR2 deficiency (homozygous for c.278delAG), a patient with AR complete IFN-γR1 deficiency (homozygous for the c.202-1G>T mutation), S124F, G141R, R114C, a patient with AD partial IFN-γR2 deficiency (14) (heterozygous for the c.186delC mutation) and the patient with M1K-IFN-γR1 deficiency. We first assessed the ability of these cells to phosphorylate STAT1 after stimulation with IFNs, as measured by western blotting. For the healthy control, p-STAT1 was detected after stimulation with IFN-γ, whereas the negative control, the patient with AR complete IFN-γR1 deficiency and the M1K patient displayed no response (Fig. 4A ). P1 had a severely impaired, but not abolished, response to IFN-γ (Fig. 4A) . The three patients with partial IFN-γR2 deficiency described in previous studies and the patient with the AD c.186delC variant had impaired, but not abolished, responses to IFN-γ (Fig. 4A ). STAT1 phosphorylation in response to IFN-α was found to be similar in all cell lines (Fig. 4A ). Tubulin levels were also similar across cell lines, demonstrating that the differences in STAT1 phosphorylation were not caused by differences in protein loading. The western blot of EBV-B cells from P1 demonstrated a severe impairment of the IFN-γ signaling pathway, in terms of STAT1 phosphorylation.
Impaired STAT1 phosphorylation upon IFN-γ stimulation in EBV-B cells from P1, as demonstrated by flow cytometry
We also evaluated p-STAT1 levels by flow cytometry. Following the same activation procedure as for the western blot, we stained the cells for p-STAT1 and total STAT1 (as a control to check that basal levels of STAT were similar in all cells) after stimulation with IFN-γ or IFN-α. The healthy control displayed an increase in p-STAT1 levels after IFN-γ stimulation, whereas the negative control did not (Fig. 4B) . The M1K-IFN-γR1 cells displayed a slight increase after stimulation with IFN-γ, as previously reported (29) (Fig. 4B) , and a similar increase was observed in the cells of P1 (Fig. 4B) . Moreover, the three patients with AR (R114C, G141R and S124F) and AD partial IFN-γR2 deficiency (c.186delC) displayed slight increases in p-STAT1 levels after IFN-γ stimulation, greater than those observed for M1K-IFN-γR1 cells and cells from P1, but lower than that observed for the healthy control (Fig. 4B) . These results suggest that the IFNGR2 c.1A>G mutation behaves like IFNGR1 M1K in EBV-B cells.
Abolition of DNA-binding activity upon IFN-γ stimulation in EBV-B cells from P1
We investigated the ability of STAT1 homodimers to bind the GAS probe, by EMSA on EBV-B cells. We performed the same activation as for the western blot in cells from a healthy control, the negative control, the patient with AR complete IFN-γR1 deficiency, P1, patients with AR partial IFN-γR2 deficiency (S124F, G141R, R114C, c.186delC) and IFN-γR1-deficient (M1K) cells (Fig. 4C and D) . As expected, the healthy control displayed binding activity after stimulation with IFN-γ, unlike the negative control and the patient with AR complete IFN-γR1 deficiency ( Fig. 4C and D) . Consistent with published findings, G141R, S124F, R114C and c.186delC displayed impaired but not abolished binding to GAS after IFN-γ stimulation (Fig. 4C ). P1 and the M1K IFN-γR1 patient displayed no detectable GAS binding (Fig. 4D) .
Binding after IFN-α stimulation was essentially similar in all cell lines ( Fig. 4C and D) . These findings are consistent with the hypothesis that IFNGR2 c.1A>G mimics IFNGR1 M1K in EBV-B cells. However, for P1, the defect in EBV-B cells is more pronounced than that in SV40F, whereas the reverse is true for the M1K IFN-γR1 patient. The impact of the mutations affecting the M1 residues of the two chains of the IFN-γ receptor seems to depend on the chain mutated and the cell type tested.
Impairment of IFN-γ signaling in fresh leukocytes
IFN-γR2-deficient patients had high plasma IFN-γ levels, but little or no production of IL-12p40 and IL-12p70 in whole blood following stimulation with BCG and IFN-γ (2). We measured plasma IFN-γ levels in P1, P2 and P3 by ELISA, and compared with the results obtained with those for healthy controls and patients with complete or partial IFN-γR2 deficiency (Fig. 5A) . The healthy controls and the patient with AD partial IFN-γR2 deficiency had no detectable IFN-γ in their plasma, whereas P1, P2 and P3 had high plasma IFN-γ levels, similar to those in patients with AR complete or partial IFN-γR2 deficiency (Fig. 5A) . We also assessed IFN-γ, IL-12p40 and IL-12p70 production in whole blood from healthy controls, P1, and P2 (P3 was not available) after 48 h of stimulation with live BCG, with or without IFN-γ or IL-12, as previously described (30, 31) , comparing the results obtained with those for patients with complete or partial IFN-γR2 deficiency (Figs. S6A and B and 5B). Healthy controls, IFN-γR2-deficient patients, P1, and P2 displayed similar levels of IFN-γ secretion after BCG stimulation and higher levels of secretion after stimulation with BCG and IL-12 (Fig. S6A ). All the individuals tested produced IL-12p40 after BCG stimulation, but no IL-12p70 (Figs. S6B and 5B). After stimulation with both BCG and IFN-γ, the healthy controls displayed larger increases in IL-12p40 production than were observed after stimulation with BCG alone (Fig. S6B) , together with the induction of IL-12p70 production (Fig. 5B) . By contrast, patients with AR complete IFN-γR2 deficiency produced no extra IL-12p40 in response to BCG plus IFN-γ, relative to BCG alone, and no response in terms of IL-12p70 production was observed in response to either type of stimulation (Figs. S6B and 5B). Patients with AR partial IFN-γR2 deficiency displayed an increase in IL-12p40 levels following stimulation with BCG plus IFN-γ, although this increase was smaller than that observed for controls (Fig. S6B) .
Patients with an AR partial defect produced no IL-12p70, whereas those with an AD partial defect displayed normal levels of IL-12p70 production (Fig. 5B ). P1 and P2 also displayed increases in IL-12p40 production (Fig. S6B ) in response to BCG plus IFN-γ, and no IL-12p70 production (Fig. 5B) , like known patients with AR partial IFN-γR2 deficiency. Thus, the IFN-γR2 deficiency in P1 and P2 is more severe than that in previously reported patients with AR partial IFN-γR2 deficiency, but less severe than that in patients with AR complete IFN-γR2 deficiency.
Study of individual leukocyte subsets
We then investigated the consequences of the c.1A>G mutation in fresh leukocyte subsets from two healthy controls, P1 and P2, and a patient with AR complete IFN-γR2 deficiency (c.278delAG mutation). p-STAT1 levels in the naïve CD4 + T cells and memory IL-4 producing T cells of patients with AD partial IFN-γR2 deficiency have been reported to respond poorly to IFN-γ, whereas no such impairment has been observed in monocyte-derived macrophages (MDMs) (14) . We tested naïve CD4 + T cells and MDMs generated by stimulating monocytes in vitro with macrophage colony-stimulating factor (M-CSF) plus IL-4 (no monocytes were available for the patient with AR complete IFN-γR2 deficiency). The various cell subsets were stimulated with IFN-γ and IFN-α, as previously described (14) . In naïve CD4 + T cells, low levels of STAT1 phosphorylation were observed in P1 and P2 after IFN-γ stimulation, whereas p-STAT1 levels were high in healthy controls and no STAT-1 phosphorylation was detected in the patient with IFN-γR2 deficiency (Fig. 6A) . MDMs from P1 and P2 displayed low levels of STAT-1 phosphorylation after IFN-γ stimulation, much lower than those in healthy controls, but phosphorylation was not completely abolished (Fig. 6B) . The levels of p-STAT1 after IFN-α stimulation were similar in all cell types (T lymphocytes and MDMs), for patients and controls ( Fig. 6A and B) . Total STAT1 levels were similar in all situations and GAPDH or tubulin were used as loading controls (Fig. 6A and B) . These results are consistent with published data (14) , with the c.1A>G mutation seeming to affect cell types normally expressing low levels of IFN-γR2 at their surface most strongly. They also support the hypothesis that the c.1A>G mutation confers partial IFN-γR2 activity at levels lower than reported for the known hypomorphic mutations underlying AR partial IFN-γR2 deficiency.
Lack of translation re-initiation at a distal AUG
Several studies have shown that the most common start site for translation in mammalian mRNAs is an AUG codon in a favorable context for translation initiation −3 A or G and +4 G, collectively defined as a Kozak consensus sequence (32−34).
The c.1A>G and c.4delC mutations underlie a new form of AR partial IFN-γR2 deficiency, in which a normal receptor is expressed, but in very small amounts. It is a quantitative defect, as opposed to the qualitative defects previously reported for the p.G227R, p.G141R, p.R114C, p.S124F and c.958insT mutations. We therefore investigated the mostly likely codon position for initiation of the residual IFN-γR2 expression. We searched the IFNGR2 sequence for AUG codons downstream from c.1ATG with appropriate characteristics, using the Prediction of Translation Initiation ATG Web site (http://atgpr.dbcls.jp) (35) . The next AUG predicted to be a suitable site for the re-initiation of translation (and the next AUG in the sequence) is located at position c.238, corresponding to amino acid 80. The use of this initiation codon would result in the loss of the leader sequence and part of the extracellular domain (Fig. 1C) . We nevertheless con- (Fig. 7A) . All the mutants except Start80 generated products with the usual MW but in much smaller amounts than WT IFNGR2, although the intensity of the band obtained was nevertheless stronger than that for c.1A>G (Fig. 7B) . No product was obtained with Start80, or with c.278delAG, which was used as a negative control (Fig. 7B) . As expected, these data ruled out the re-initiation of translation by the Kozak codon c.238.
Re-initiation of translation at a proximal non-canonical codon
Instead, these data suggest that the c.1A>G and c.4delC mutants are hypomorphic due to the initiation of translation at a non-AUG codon, probably within the leader sequence (signal peptide) of IFN-γR2, and even possibly, in the case of c.1A>G, by the first codon itself (GUG) (36) . It has been shown that translation can be initiated at non-AUG codons, such as CUG, GUG and ACG (37) (38) (39) . An analysis of the IFNGR2 sequence identified an ACG codon at position c.10, two consecutive CTG codons starting at position c.13 and five consecutive CTG codons starting at position c. 25 . Using a signal peptide predictor (http://www.predisi.de/), PrediSi (40), we deleted IFN-γR2 amino acids in silico from M1 until no signal peptide was predicted, which occurred at L10 (c.28CTG). We then created plasmids starting from different non-AUG codons until the predicted loss of the signal peptide (Start 2, 4, 6, 8, 10 and 14) (Fig. 7A) . IFN-γR2 of the expected MW (70 kDa) was produced for the mutations encompassing the start at amino acids 2, 4, 6 and 8, but at lower levels than the WT (Fig. 7C) . The Start2 mutation generated levels of protein similar to those obtained for the c.4delC mutation, whereas Start4 and Start6 generated protein levels similar to those obtained for the c.1A>G mutation; the amount of protein produced from Start8 was smaller than that for either of the mutations reported in this study (Fig. 7C) . Neither Start10 nor Start14 generated any detectable protein, consistent with the in silico predictions (Fig. 7C ). These findings suggest that several codons, all located within the signal sequence, are involved in the translation of IFNGR2, and that the c.1ATG codon is the strongest site for the start of translation. This hypothesis was confirmed by immunoprecipitation and protein sequencing of the overexpressed IFN-γR2 WT, c.1A>G and c.4delC. A full-length protein extending from positions 22 (the position after signal peptide cleavage) to 337 (last amino acid of IFN-γR2) was detected for the three lysates tested (Fig. S7) . Thus, the two new mutations described here produce a fulllength mature IFN-γR2 protein, at lower levels than the WT protein, due to the initiation of translation by non-AUG codons located between codons 2 and 9 within the 21 amino acid signal peptide.
Discussion
We report the following two new mutations of IFNGR2 in three MSMD patients: c.1A>G in P1 and P2 from a Turkish family, and c.4delC in P3 from an Indian family. Together, they define a novel form of AR partial IFN-γR2 deficiency that is purely quantitative, with the expression on the cell surface of very small numbers of normal receptor chains, contrasting with the patients described in previous studies, who displayed cell-surface expression of small number of receptors bearing amino acid substitutions. This report is novel in that it defines a new type of AR partial IFN-γR2 deficiency, caused by mutations decreasing the number of receptors expressed on the cell surface, without affecting their nature. These two IFN-γR2 mutants can be overexpressed, albeit to much lower levels than the WT, resulting in a severe impairment of functional activity, but not its total abolition. Both SV40F and EBV-B cells from P1 and P2, and, by inference from overexpression studies, cells from P3 as well, displayed a much more severe impairment of STAT1 and GAF activation than cells from patients with other forms of AR partial IFN-γR2 deficiency. Analyses of fresh leukocyte subsets from P1 and P2 showed that STAT1 phosphorylation was severely impaired in naïve CD4 + T cells and MDMs. The cellular phenotype in these patients is, therefore, more severe than that in patients with other known forms of AR partial IFN-γR2 deficiency, but less severe than that in patients with complete IFN-γR2 deficiency. Like other patients with AR complete or partial IFN-γR2 deficiency, these patients had high plasma concentrations of IFN-γ.
Their clinical phenotype appears to be intermediate, between that of patients with AR complete deficiency (9) (10) (11) 14, 15, (17) (18) (19) (20) (21) and patients with AR partial deficiency due to missense mutations (8, 13, 15, 16) . The three patients presented clinical complications after BCG vaccination. P1 also presented multifocal osteomyelitis caused by BCG at the ages of 5 and 7 years. This condition was successfully treated and P1 is now 9 years old and healthy. P2 was treated for complications after BCG vaccination and was healthy at her last follow-up visit, at the age of 6 years. P3 died of Mycobacterium chelonei infection at the age of 5 years. The clinical phenotype of these patients, with the possible exception of P2, is thus globally more severe than that of other patients with AR partial IFN-γR2 deficiency. HSCT is therefore recommended for the two surviving patients. This treatment is generally considered for patients with complete but not partial IFN-γR2 deficiency (2, 12) .
Our study also shows that non-canonical initiation of IFN-γR2 translation can operate in cells lacking the canonical AUG codon upstream from the segment encoding the signal peptide. This is physiologically and clinically relevant, as these three patients have a milder phenotype than that observed in complete IFN-γR2 deficiency. During translation initiation in eukaryotic cells, the small subunit (40S) of the eukaryotic ribosome binds to the capped 5 -end of the mRNA. It then migrates, stopping at the first AUG codon in a favorable context for translation initiation (41) . If the first ATG is mutated or the context is altered, translation may occur through re-initiation or context-dependent leaky scanning (42) (43) (44) (45) . In the IFNGR2 mRNA, the mutation of the first AUG to a GUG, or the loss of a C at position +4, prevents efficient translation initiation at this location. The next AUG codon downstream from the start codon is located 238 base pairs downstream. The use of this codon would lead to a loss of the leader sequence and 58 amino acids of the extracellular domain. Non-AUG codons, such as CUG, GUG and ACG, have been reported to initiate translation (29, (37) (38) (39) . The IFNGR2 gene has an ACG codon at position c.10, two consecutive CTG codons starting at position c.13 and five consecutive CTG codons starting at position c. 25 .
We have shown that the codons at amino acid positions 2, 4, 6 and 8 contribute to the residual translation of IFN-γR2 and, in the case of the c.1A>G mutation, that the GUG codon may also contribute to this process. The 12 to 19 of the 21 amino acids remaining in the signal peptide were sufficient for trafficking of the protein through the secretory pathway. The residual amounts of IFN-γR2 translated and transported to the cell surface were sufficient for a weak, but not entirely abolished, cellular response to IFN-γ. However, the shorter signal peptide was not as efficient as its full-length version, in terms of protein expression on the cell surface. Germline mutations of other signal peptides have previously been reported to underlie human genetic diseases, impairing protein secretion (46) (47) (48) . Paradoxically, we found that the total expression of IFN-γR2 proteins encoded by the c.1A>G and c.4delC alleles is inversely correlated with GAS binding activity upon cell stimulation with IFN-γ ( Figs. 2A and S4 ). Previous studies in prokaryotic cells have shown that protein secretion can be affected by the codon encoding the second amino acid position of the signal peptide (49) (50) (51) . The shorter signal peptide of proteins encoded by c.4delC might thus result in intracellular accumulation of the mutant proteins, thereby accounting for lower levels of receptor expression on the cell surface, when compared with proteins encoded by c.1A>G. Unfortunately, currently available antibodies do not enable a robust detection of IFN-γR2 on the cell surface, preventing us from testing this hypothesis.
The re-initiation of translation downstream from the first AUG has been reported for other inborn errors of immunity [such as IFNGR1 (29) , NEMO (45) , RAG1 (52, 53) , FAC (54) and NBS1 (55) defects], and in other fields of human genetics (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) . Most of these cases correspond to N-terminal frameshift mutations resulting in premature stop codons, similar to one of the IFNGR2 mutations reported here, c.4delC. In such cases, there is usually an AUG codon downstream from the frameshift, from which translation is re-initiated; this is not the case, however, for the c.4delC mutation. We are aware of only one case, for IFNGR1 (29) , in which a missense mutation affecting the first AUG of the gene has been reported, as for the other IFNGR2 mutation reported here, c.1A>G. The re-initiation of translation in IFNGR1 has been reported to occur at downstream AUG codons, with additional contributions from non-AUG codons (29) . By contrast, we describe here a genetic form of human disease due to the re-initiation of translation exclusively from non-AUG codons. Translation from non-AUG codons has already been shown to take place in neurodegenerative diseases, cancer and stress responses (67) . This is the first example of such translation initiation to be reported for inborn errors of immunity. This form affects the function of IFN-γR2 differently in different cell types, because the efficiency of translation re-initiation at codons downstream from the first AUG is low and potentially different between cell types (41) . The inefficiency of translation initiation from codons downstream from the first AUG may reflect differences in the amounts of endoplasmic reticulum and posttranslational modification procedures between cell types (68) and tissue-specific differences in transfer-RNA profile (t-RNA) (37, 69) . These factors contribute to the observed re-initiation of translation downstream from the lost canonical AUG, highlighting the importance of this compensatory mechanism in human genetics. As translation re-initiation cannot be predicted in silico, mutations disrupting the canonical AUG should not be considered LOF until demonstrated to be so experimentally (70) .
Materials and Methods
Case report
P1 (Kindred A, II.1) was born in 2009 to a consanguineous family from Turkey (Fig. 1A) . He was vaccinated with BCG at 2 months of age. At 9 months of age, he developed local lymphadenitis, which was apparently resolved by antibiotics, but he had a relapse at 18 months of age. At the age of 5 years, he developed multiple cervical lymphadenopathies, deep neck abscesses and cervical bone lesions affecting movement of the neck. Serological tests for Salmonella were positive, but this bacterium was not isolated from blood cultures. At the age of 7 years, P1 was admitted to hospital for osteomyelitis in the cervix, thorax, lumbar spine and sacral bones (Fig. S1) . Mycobacterium bovis-BCG was identified as the causal microorganism. The proportions of T, B and Natural Killer (NK) cells were normal, as was the results of dihydrorhodamine (DHR) assay on neutrophils for evaluation of the respiratory burst after activation with phorbol myristate acetate (PMA). A diagnosis of MSMD was suspected. P1 was treated with multiple antibiotics and subcutaneous IFN-γ, leading to clinical improvement. He is currently 9 years old and healthy.
P2 (Kindred A, II.2) was born in 2012, and she is the sister of P1 (Fig. 1A) . She was vaccinated with BCG at the age of 2 months and developed vaccination-related suppurative lymphadenitis that drained spontaneously. No other infectious diseases have been detected in this patient. She was treated with multiple antibiotics and subcutaneous IFN-γ. Laboratory investigations showed normal proportions of T, B and NK cells for age; the respiratory burst, as evaluated in the DHR assay, was normal in neutrophils after PMA activation. Serum levels of IgG, IgA and IgM were normal for age. P2 is now 6 years old and is well, with no treatment.
P3 (Kindred B, II.4) was born in 2011 to second degree consanguineous parents (Fig. 1A) . He was vaccinated with BCG at the age of 10 days. At the age of 3 months, he developed swelling of the left axillary lymph node, which was drained. Pathology examinations showed reactive follicular hyperplasia with no granulomas, but a blood smear tested positive for acidfast bacilli (AFB). The treatment given at this time point was not recorded in the patient's medical history. At the age of 11 months, P3 presented inguinal and axillary lymphadenitis and hepatosplenomegaly. Chest X-ray showed a persistent patch on the right middle lobe. Gastric AFB tests were positive and blood cultures for mycobacteria were negative. Cytological studies of fine-needle aspirates from inguinal nodes revealed ill-defined granulomas and AFB. A mycobacterium identified as M. chelonei was cultured from a lymph node. Treatment with rifampicin, ethambutol, clarithromycin and aminoglycoside was initiated. IFN-γ could not be procured and there were not good donors for HSCT. P3 died at the age of 5 years, from persistent disseminated EM disease. He had an elder brother who died of possible tuberculosis, but his sister is well.
Extraction of DNA and WES
gDNA was extracted from whole blood from a healthy control, the patients and parents, with the iPrep PureLink gDNA Blood kit and iPrep instruments from Thermo Fisher Scientific. The method used to sequence the WES has been described elsewhere (6, 71, 72) .
Polymerase chain reaction and sequencing
Polymerase chain reaction (PCR) was carried out on gDNA with Taq polymerase (Invitrogen) and Fast Start Taq (Roche), in a GeneAmp PCR system (9700; Applied Biosystems). The PCR products were purified by centrifugation through Sephadex G-50 Superfine resin (GE Healthcare) and sequenced with the BigDye Terminator Cycle Sequencing kit (Applied Biosystems). Sequencing products were purified by centrifugation through Sephadex G-50 Superfine resin, and sequences were analyzed with an ABI Prism 3700 apparatus (Applied Biosystems). The sequences obtained were then aligned with the genomic sequence of IFNGR2 (NM_005534.3) with Genalys, version 2.0 β software.
Cell culture and stimulation
EBV-B cells, SV40F and HEK293-T cells were cultured as previously described (45, 73) . EBV-B cells and SV40F were stimulated with the indicated doses of IFN-γ (Imukin, Boehringer Ingelheim) and IFN-α2b (IntronA, Schering Plough) for 20 min.
Expression plasmids and cell transfection
The WT IFNGR2 allele was inserted into V5-topo-pcDNA3.1 (Invitrogen) according to the manufacturer's instructions. The c.1A>G and c.4delC mutants were generated and various nucleotides between the first and second ATG codons were deleted by site-directed mutagenesis (Agilent Technologies, PfuUltra II Fusion HS DNA polymerase), according to the kit manufacturer's instructions, and then digested with DpnI (New England Biolabs). HEK293-T cells, IFN-γR2-deficient SV40F (9) and the patients' SV40F were transfected with one of the various IFNGR2 V5-tagged pcDNA3.1 plasmids or an insert-less V5-tagged pcDNA3.1 plasmid (EV), in the presence of X-treme GENE9 transfection reagent (Sigma Aldrich), according to the manufacturer's instructions.
EMSA
EMSA was carried out as previously described (74) . Briefly, cells were stimulated for 20 min with IFN-γ or IFN-α at the indicated doses. We then obtained a nuclear extract from these cells, and we incubated 5-10 μg of this nuclear extract with 32 P-labeled (α-dATP) or IRDye 700 GAS probe, corresponding to the Fc-γR1 promoter, and subjected the mixture to electrophoresis in a polyacrylamide gel.
Cell lysis, immunoprecipitation and immunoblotting
Total proteins were solubilized in extraction buffer (25 mm TrisHCl, pH 7.6, 150 mm NaCl 2 , 1% NP-40, 1 mm EDTA, 1× proteinase inhibitor cocktail mix, 1 mm PMSF and 1 mm Na 3 VO 4 ). Their concentration was then measured by the Bradford method and they were incubated with Laemmli buffer, with NuPage (Invitrogen) as a reducing agent. Samples were then subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in 10% polyacrylamide gels (Bio-Rad), and the resulting bands were transferred onto normal-or low-fluorescence PVDF membranes (Bio-Rad) with the Trans-Blot Turbo Transfer System (Bio-Rad). Immunoblotting was performed with antibodies against IFN-γRβ (sc-377291, Santa Cruz Biotechnology), GAPDH (14C10, Cell Signaling Technology), the V5 tag (Thermo Fisher Scientific), pY701 STAT1 (612133, Becton Dickinson (BD) Biosciences), STAT1 (610116, BD Biosciences) or α-tubulin (sc-23948, Santa Cruz Biotechnology). Bound antibody was detected with ECL western blotting detection reagents (Bio-Rad) on Chemidoc or with a LI-COR Clx fluorescence detector. For immunoprecipitation experiments, V5-tagged IFNGR2-transfected HEK293-T cells were lysed and subjected to immunoprecipitation with an anti-V5 tag antibody and agarose A/G beads (Santa Cruz Biotechnology), after clearing with an isotype control and agarose A/G beads (Santa Cruz Biotechnology). Immunoprecipitated proteins were then resolved by SDS-PAGE. Blots were either probed with anti-IFN-γRβ antibody or the gel was incubated with Coomassie brilliant blue stain.
Flow cytometry
The methods for detecting the cell-surface expression of HLA-DR have been described elsewhere (8, 75) . Briefly, 5 × 
Whole-blood assay of the IFN-γ circuit
Whole-blood assays were performed as previously described (30, 31) . Heparin-treated blood samples from healthy controls, patients and parents were stimulated in vitro with BCG alone or with BCG plus IFN-γ or IL-12 (R&D). Supernatants were collected after 48 h of stimulation and ELISA was performed with specific antibodies directed against IFN-γ, IL-12p70 or IL-12p40, with the human Quantikine HS kits for IL-12p70 and IL-12p40 from R&D Systems and the human Pelipair IFN-γ kit from Sanquin, used according to the manufacturer's instructions.
MDMs and CD4 + T cells
We isolated CD14 + monocytes from peripheral blood mononuclear cells with a positive selection kit from Miltenyi Biotec (76) . Briefly, 0.5 million monocytes were incubated in six-well plates with 50 ng/ml M-CSF (216-MC, R&D Systems) and 50 ng/ml IL-4 (204-IL, R&D systems) to induce the differentiation of MDMs, as previously described (76) . CD4 + naive T cells were obtained with human naive CD4 + T cell isolation kit II (Miltenyi Biotec). The cells were stimulated with IFN-γ or IFN-α, as previously described (9) .
Research involving human participants
Informed consent for participation in this study was obtained from the patients and/or parents in accordance with local regulations, with approval from the Institutional Review Board (IRB). The experiments described here were performed in France, in accordance with local regulations, and with the approval of the IRB of Necker Hospital for Sick Children, France. 
